YAG:Ce crystal with a diameter of 110 mm is successfully grown by the temperature gradient technique (TGT). The effects of annealing on the luminescence efficiency of YAG:Ce crystal are investigated, and the optimal annealing temperature and atmosphere are obtained. The mechanism of variation behavior of the luminescence efficiency of YAG:Ce under different annealing conditions is discussed and some details on the luminescence associated with color centers are analyzed.
Ce
3+ doped yttrium-aluminum garnet (YAG:Ce) is a well established scintillator and has many attractive properties, such as fast decay (60-100 ns), high light yield (about 20000 photons/MeV), emission peaks at 520-550 nm that well match with the sensitivity of commercial Si-based charge-coupled device (CCD) detectors, and good mechanical and chemical stability [1−4] . These properties have made YAG:Ce a material for many applications, including CCD detectors, high count-rate devices, detection of light charged particles, white light emitting diode (LED), and gamma ray detection [4−7] . It is quite important to grow large-size YAG:Ce scintillators with high quality for scintillation applications. At present, YAG:Ce scintillation crystals are grown mainly by Czochralski (Cz) methods, which have some disadvantages compared with temperature gradient techniques (TGT). Firstly, TGT method can avoid the cores at the center of the crystals which will be easily formed during Cz growth and the cores are very deleterious to the optical homogeneity of the crystals [8] . Secondly, TGT method helps to incorporate a large amount of Ce ions into the lattice, because of constitutional super-cooling effect and second-phase precipitation. In addition, it is much easier to get large-size crystals by TGT [9] . The other important factor affecting the scintillation application of YAG:Ce crystals is annealing [10] . However, the mechanism of the annealing and the optimum annealing temperature and atmosphere are still unknown yet.
In this letter, YAG:Ce crystal with a diameter of 110 mm was grown by TGT method. The effects of heat-treatment processes on the luminescence efficiency of the YAG:Ce crystal were investigated and the optimal annealing temperature and atmosphere were provided, which helped to improve the light yields of YAG:Ce scintillator crystals grown by TGT. The mechanism of variation behavior of the luminescence efficiency of YAG:Ce was discussed and some details on the spectroscopic characteristics associated with color centers were presented.
The YAG:Ce crystal was grown by TGT under strong reducing atmosphere produced by the graphite heating element. The highly pure oxide powders Y 2 O 3 (5N), CeO 2 (5N), and Al 2 O 3 (5N) were used and the final chemical formula is (Y 0.997 Ce 0.003 ) 3 Al 5 O 12 . The seed was <111> orientation and the whole growth atmosphere was high-purity Ar gas. More details of the growth process can be found in Ref. [9] .
The color of the as-grow crystal became yellow by annealing in air or hydrogen atmosphere and became black due to the volatile carbon entering into the crystal from the heater during the growth. Figure 1 shows the picture of the as-grown YAG:Ce crystal with size of Φ110× 50 (mm).
The spectroscopic samples were optically polished to planets with dimensions of 15×10×2 (mm). The luminescence spectra of the samples were measured by the fluorescence spectrometer (FP-6500, JASCO, Japan). The transmission spectra were taken with the UV/VIS spectrophotometer (V-570, JASCO, Japan). The X-ray excited luminessence (XEL) spectra were measured by an X-ray excited spectrometer, a grating monochromator (SBP, Zolix, China) and a photomultiplier tube (CR131, Hamamatsu, Japan) under the same condition (35 kV, 20 mA) at room temperature. Considering the positive effects of annealing on improving the spectral properties of the YAG:Ce crystals grown by TGT, we annealed the YAG:Ce samples in different temperatures and atmospheres to get the optimum annealing condition. Absorption spectra of the YAG:Ce samples annealed in different atmospheres are shown in Fig. 2 . The absorption peaks at 228, 340 and 458 nm are observed in all of the samples, which can be attributed to the 4f→5d interconfigurational absorption of Ce 3+ ions in YAG:Ce crystal. Two additional bands centered at 300 and 371 nm are also observed, which have been ascribed to color centers [5] . It was found that these two peaks decreased after annealing in H 2 atmosphere at 1100
• C, and vanished after annealing in air and reducing atmosphere above 1100
• C for 10 hours. Generally the oxygen vacancies in the crystals will increase when the crystal is annealed in H 2 atmosphere, which reveals that the absorption peaks at 300 and 371 nm are not caused by oxygen vacancies. The absorption of the asgrown YAG:Ce crystal in the 240 and 420 nm ranges is very strong as well as that of the sample annealed in H 2 atmosphere at 1100
• C, which may be caused by carbon volatiles from the heater during growth. Figure 3 presents the emission spectra of the YAG:Ce samples under different annealing conditions. The Ce 3+ luminescence bands of the YAG:Ce samples under 458 nm excitation before and after annealing are all peaked at 525 nm, but their emission intensity varies significantly. Figure 4 shows that the emission intensity of the samples enhances remarkably in the air-annealing atmosphere with the strongest emission intensity at 1100
• C, and then reduces with increase of the annealing temperature. The emission intensity varies in the opposite trend in the H 2 atmosphere with the lowest emission intensity at 1100
• C. The luminescence intensity of the sample annealed in the air atmosphere at 1100
• C is nearly 60% higher than that of the as-grown sample. Figure 5 presents the XEL spectra of the YAG:Ce crystals annealed under different conditions. The emission bands at 525 nm of YAG:Ce are similar to those under 458-nm excitation (Fig. 3) , but the strong new emissions at 300 and 354 nm appear in all of the samples, and an additional band peaked at 391 nm is observed in the emission spectra of the as-grown sample. Recalling that the absorption bands at 300 and 371 nm of the as-grown YAG:Ce vanish after annealed in both air and reducing atmospheres above 1100
• C (Fig. 2) , we suppose that color centers probably formed by carbonrelated complex defects during the growth, and after annealing the carbon volatilize, and the emission bands disappear. The 300-nm emission band of the crystals has been attributed to the Y Al anti-site defects (ADs) (Y cations localized in octahedral sites of the Al cations) and the self-trapped excitons (STEs) [11, 12] . The variation behavior of the XEL emission intensity of YAG:Ce annealed under different conditions (Fig. 6 ) is similar to those under 458-nm excitation (Fig. 4) . Since the photons emitted from the inner of the samples will be re-absorbed due to high absorption, the XEL emission intensities of the as-grown YAG:Ce at 300, 354 and 525 nm are relative low, which can be improved by annealing. Since the crystal was grown in a reducing atmosphere by TGT, there may be relatively more Ce 2+ ions in the as-grown crystal. These Ce 2+ ions are not stable and will transfer into Ce 3+ ions and enhance the intensity of emission band at 525 nm after annealing in air atmosphere. However, with the increase of the annealing temperature, Ce 3+ ions can easily lose an electron and become Ce 4+ ions [13] , which will result in the quenching of Ce 3+ emission [14] . The XEL spectra taken after the reducing annealing show increase of emission intensity with the strongest at 1350
• C, which is mainly caused by the vanishing of defects associated with carbon and the valence-state change of Ce ions. Other complex defects such as oxygen vacancies, ADs, and cation vacancies are also the reasons that may affect the luminescence efficiency of YAG:Ce in the process of annealing [15] . Comparing the luminescence efficiency of samples annealed under different conditions and the cost of heating treatment, we concluded that the air annealing at 1100
• C was the optimal annealing condition.
In conclusion, the YAG:Ce crystal with a diameter of 110 mm is grown by TGT successfully. The effects of heat-treatment processes on the luminescence efficiency of YAG:Ce crystal are investigated, and the results show that air annealing at 1100
• C is the optimum annealing condition for YAG:Ce (TGT), which will help to improve the light yields of YAG:Ce. The mechanism of the variation behavior of the luminescence efficiency of YAG:Ce (TGT) is discussed. The study reveals that the absorption bands at 300 and 371 nm of the as-grown YAG:Ce are not caused by oxygen vacancies, and we suppose that the color centers are probably due to complex defects associated with carbon formed during the growth.
